Magnetic structures in an antiperovskite system, Mn 3 Cu 1−x Ge x N, with a large magnetovolume effect above x = 0.15 have been studied by neutron powder diffraction measurement. The present neutron study revealed that not only a cubic crystal structure but also a ⌫ 5g antiferromagnetic spin structure are key ingredients of the large magnetovolume effect in this itinerant electron system. The large magnetovolume effect is possibly ascribed to the geometrical frustration originating from the corner-shared octahedra of the antiperovskite structure. Negative thermal expansion ͑NTE͒ materials have already been used in a wide area of technical applications in which it is necessary to control the thermal expansion. 1,2 An important mechanism of NTE is the magnetovolume effect ͑MVE͒. With decreasing temperature ͑T͒, the volume can be expanded gradually by changing the amplitude of the magnetic moment. This MVE of itinerant electron systems has been investigated since the discovery of extraordinarily small thermal expansion in Invar alloys. 3 The MVE of Invar alloy systems is accompanied by other anomalous features in the elastic modulus, heat capacity, magnetization and Curie ͑or Néel͒ temperature, and has been an important problem closely connected to the origin of itinerant electron magnetism. [4] [5] [6] [7] Antiperovskite manganese nitrides Mn 3 AN, where A is a metal or a semiconducting element, are well known for their large MVE. [8] [9] [10] [11] The A atom occupies a cubic lattice corner position, whereas the Mn and N atoms locate at the facecentered and body-centered positions, respectively. These compounds have attracted much interest due to their variety of magnetic orderings and structural phase transitions. 8, [12] [13] [14] [15] [16] Furthermore, much attention has been paid to the sharp firstorder ferromagnetic phase transition, because of the potential for application in magnetic refrigeration technology.
Magnetic structures in an antiperovskite system, Mn 3 Cu 1−x Ge x N, with a large magnetovolume effect above x = 0.15 have been studied by neutron powder diffraction measurement. The present neutron study revealed that not only a cubic crystal structure but also a ⌫ 5g antiferromagnetic spin structure are key ingredients of the large magnetovolume effect in this itinerant electron system. The large magnetovolume effect is possibly ascribed to the geometrical frustration originating from the corner-shared octahedra of the antiperovskite structure. Negative thermal expansion ͑NTE͒ materials have already been used in a wide area of technical applications in which it is necessary to control the thermal expansion. 1, 2 An important mechanism of NTE is the magnetovolume effect ͑MVE͒. With decreasing temperature ͑T͒, the volume can be expanded gradually by changing the amplitude of the magnetic moment. This MVE of itinerant electron systems has been investigated since the discovery of extraordinarily small thermal expansion in Invar alloys. 3 The MVE of Invar alloy systems is accompanied by other anomalous features in the elastic modulus, heat capacity, magnetization and Curie ͑or Néel͒ temperature, and has been an important problem closely connected to the origin of itinerant electron magnetism. [4] [5] [6] [7] Antiperovskite manganese nitrides Mn 3 AN, where A is a metal or a semiconducting element, are well known for their large MVE. [8] [9] [10] [11] The A atom occupies a cubic lattice corner position, whereas the Mn and N atoms locate at the facecentered and body-centered positions, respectively. These compounds have attracted much interest due to their variety of magnetic orderings and structural phase transitions. 8, [12] [13] [14] [15] [16] Furthermore, much attention has been paid to the sharp firstorder ferromagnetic phase transition, because of the potential for application in magnetic refrigeration technology. 17 So far, all the MVEs reported in Mn 3 AN members are associated with first-order phase transitions. This is why Mn 3 AN has not been considered as a practical NTE material to date, although the system has expanded volume at low temperature phase. Recently, Takenaka and Takagi reported that the MVE is broadened against T in Mn 3 Cu 1−x Ge x N and leads to a giant negative thermal expansion coefficient. 18 This system shows three different characteristic behaviors of the MVE as a function of Ge concentration x. ͑i͒ Mn 3 CuN shows the ferromagnetic transition at T C = 143 K accompanied by a cubic-totetragonal structural phase transition. 8 At the transition, the volume change is negligibly small. ͑ii͒ At x = 0.15, the ferromagnetic transition takes place at T C ϳ 100 K and linear thermal expansion ⌬L / L rapidly increases at that temperature with decreasing T. It must be noted that the T dependence of the magnetic susceptibility of Mn 3 The MVE of itinerant electron systems has been discussed on the basis of the band picture, including spin fluctuation theory, 6 where local spin density plays an important role. The MVE in the Laves phase 4, 5 is basically understood within this theoretical framework. Fruchart and Bertaut classified the magnetic properties of the Mn 3 AN system on the basis of the band picture, similarly to the Hume-Rothery scheme. 8 They reported that the transition temperature of Mn 3 AN is proportional to the number of valence electrons on A. On the other hand, there is no simple relationship between the magnitude of the MVE and the valence electron number. Therefore, we suggest that other effects are more relevant to the large MVE of this system. In this paper, in order to understand the Ge-doping effect on the magnetic properties and MVE in Mn 3 Cu 1−x Ge x N, we have studied the magnetic structure using neutron powder diffraction. The strong correlation revealed between large MVE and magnetic as well as crystal structures suggests a different paradigm.
Polycrystalline samples of Mn 3 Cu 1−x Ge x N with x =0, 0.15, 0.2, and 0.5 were prepared by the solid-state reaction. 12, [18] [19] [20] The experiments were performed on the high-resolution powder diffractometer HRPD ͑ = 1.8233 Å͒ and the triple axis spectrometer TAS-2 ͑ = 2.3590 Å͒ installed at JRR-3M of JAEA. Their collimations were open ͑effective value of 35Ј͒-20Ј-6Ј and 14Ј-40Ј-40Ј-80Ј, respectively. The powder samples of Mn 3 Cu 1−x Ge x N weighing ϳ7 g were set in vanadium holders that were enclosed in Al cans filled with He gas. They were mounted in a closed-cycle refrigerator below room temperature and in a furnace above room temperature. tures, indicating that the magnetic unit cell becomes doubled along the a and b axes. Additionally, peak splitting is observed, for example, at the 2 1 1 reflection, because of the tetragonal distortion. These results are consistent with those in a previous report. 8 Detailed descriptions of the magnetic structure and its analysis are shown later. On the other hand, we cannot find any superlattice peaks or peak splitting in Mn 3 Cu 0.85 Ge 0.15 N, Mn 3 Cu 0.8 Ge 0.2 N, or Mn 3 Cu 0.5 Ge 0.5 N at low temperatures, indicating that both the crystal and magnetic structures have the same primitive perovskite unit cell, even at low temperatures. In Figs. 1͑b͒ and 1͑c͒, we can see similar magnetic reflections corresponding to magnetic ordering vector q = ͑0 0 0͒, where the 1 0 0 and the 2 1 0 magnetic reflection are strong.
The T dependence of the integrated intensities of these magnetic peaks is shown in Fig. 2͑a͒ , where the intensities are normalized by the 1 1 0 nuclear reflection intensity. These are mainly static magnetic reflections, but also contain small contributions from quasi-elastic magnetic scattering within the energy resolution ϳ1 meV. Figure 2͑b͒ shows the T dependence of lattice constants estimated from the neutron diffraction study of Mn 3 Cu 1−x Ge x N for x = 0, 0.15, 0.2, and 0.5, which are consistent with the linear thermal expansions previously reported by Takenaka and Takagi. 18 The MVE at x = 0 is negligible while the magnetic reflections show a rapid increase. Both the 1 0 0 magnetic reflection and the lattice constant exhibit sharp increases at x = 0.15 and 0.2. For x = 0.5, they gradually increase with decreasing T in the temperature range from 360 to 320 K.
The magnetic structure of Mn 3 CuN, shown in Fig. 3͑a͒ , has already been reported. 8 The Mn moments on the z = 0.5 plane have a "square configuration" and a small ferromagnetic component along the c axis. The Mn moments on the z = 0 plane have a parallel configuration. Ge-doped samples have a cubic structure ͑space group: Pm3m͒ and magnetic ordering vector q = ͑0 0 0͒. On the basis of these conditions, three possible models have been proposed by Fruchart and Bertaut. 8 They considered a spin Hamiltonian with superexchange interactions among Mn ions up to the second nearest neighbors. The eigenstates consist of a collinear ferromagnetic structure and two triangular antiferromagnetic structures, where Mn moments point 120 degrees away from each other. The direction of Mn moments cannot be determined within the above consideration. The real spin structures are determined to be represented by the three models that are allowed by linear combination of the basis vectors of irreducible representations for the Pm3m group with q = ͑0 0 0͒. One is a ferromagnetic structure belonging to the irreducible representation ⌫ 4g , and two are antiferromagnetic ͑AF͒ structures belonging to ⌫ 4g and ⌫ 5g , respectively. For further details, refer to Bertaut and Fruchart. 21 Here, we can exclude the ⌫ 4g F structure, because the observed spontaneous magnetization for x ജ 0.15 is much smaller than the value expected from the ferromagnetic ⌫ 4g structure. Figures  3͑b͒ and 3͑c͒ show ⌫ 4g AF and ⌫ 5g AF magnetic structures. The ordering patterns imply that nearest-neighbor J 1 and next-nearest-neighbor J 2 are antiferromagnetic and ferromagnetic, respectively, and show the effect of the geometrical frustration originating from J 1 . These two AF structures are energetically equivalent within the isotropic spin Hamiltonian, because all angles between Mn moments are 120 deg.
In this analysis, the total integrated intensities were analyzed because we found finite contributions of both the nuclear and magnetic reflections at several reciprocal lattice points. All atomic positions are fixed under the space group P4 / mmm for x = 0 and Pm3m for x 0. The amplitude of the magnetic moments was refined by the least-squares fitting program, where the isotropic magnetic form factor was used for Mn 3+ . 22 The absorption and Lorentz factor corrections were made. Observed and calculated total ͑nuclear + magnetic͒ intensities are listed in Table I . For Mn 3 CuN, the data were best fitted to the Fig. 3͑a͒ cal , which is the result of fitting x = 0.5 data to the ⌫ 4g AF structure with 1.56Ϯ 1.03 B . Large differences are observed at the 1 0 0 and 2 1 0 reflections, where magnetic intensities provide a large contribution. These results show that the systems with these x values have the ⌫ 5g -type antiferromagnetic structure shown in Fig. 3͑c͒ 8 Nevertheless, the present results clearly indicate that Mn 3 Cu 0.85 Ge 0.15 N has the same structure as Mn 3 Cu 0.5 Ge 0.5 N. The ferromagnetic behavior of the susceptibility data at x = 0.15 is due to the small canted ferromagnetic component. Figure 4͑a͒ shows the resulting T-x phase diagram of crystal and magnetic structures. In this figure, Curie and Néel temperatures estimated from magnetization measurements are plotted as open circles. 19 Magnetic transition temperatures determined by neutron diffraction studies are indicated by closed circles. It can be concluded that the MVE in Mn 3 Cu 1−x Ge x N becomes significant in the ⌫ 5g -type antiferromagnetic cubic phase, while it is negligible in the tetragonal ferromagnetic phase. The MVE of an itinerant electron system has been discussed in terms of the amplitude of magnetic moment. However, the intimate relationship between the ⌫ 5g antiferromagnetic cubic structure and large MVE in Mn 3 Cu 1−x Ge x N indicates the necessity of a theoretical 9,10 Their volumes show a sudden and pronounced increase with decreasing temperature at the first-order transition, and exhibit the ⌫ 5g antiferromagnetic structure in the cubic crystal structure below the phase transition temperature. 8 Furthermore, Mn 3 ZnN undergoes another phase transition to a different magnetic structure at lower temperatures. 8 It is interesting to note that below the firstorder transition, ⌬L / L returns to the value expected from an extrapolation of the T dependence in the high-temperature phase. 10, 18, 23 Mn 3 SnC has the cubic structure with the same spin arrangement as Mn 3 CuN. The MVE of this compound is less pronounced than that in Mn 3 Cu 1−x Ge x N. 24 These results support the importance of the ⌫ 5g AF structure in producing a large MVE. Many antiperovskite materials with large MVEs have the cubic structure below T N . The stability of the cubic structure reflects the characteristic electronic structure of these compounds, which prefer volume expansion to tetragonal distortion at the transition temperature.
The correlation between the large MVE and the cubic ⌫ 5g AF structure is possibly explained in terms of geometrical frustration. Corner-shared octahedra with AF nearestneighbor interactions in a cubic antiperovskite structure are known to have three-dimensionally frustrated magnetic interactions, 25 which indeed lead the noncollinear spin structures in Mn 3 Cu 1−x Ge x N. When the frustration prevents the system from gaining magnetic energy because of short-range ordering above T N , the system may earn kinetic energy by contracting its volume. This effect would enhance the MVE and/or the discontinuous change in ⌬L / L at T N . The hightemperature collinear ferromagnetic phase of Mn 3 GaC, on the other hand, has much smaller MVE than that of Mn 3 Cu 0.85 Ge 0.15 N, 9 suggesting that geometrical frustration might actually enhance the MVE in Mn 3 Cu 0.85 Ge 0.15 N.
In summary, magnetic structures have been determined in Mn 3 Cu 1−x Ge x N. The system with the ⌫ 5g antiferromagnetic cubic structure, where the exchange interactions between the nearest-neighbor Mn moments are antiferromagnetic and lead to geometrical frustration, exhibits a large MVE in Mn 3 Cu 1−x Ge x N. The present results establish a MVE paradigm that will require a theoretical framework that takes into account the ordered magnetic structure. 
